






Bordetella bronchiseptica Bcr4 antagonizes the 
negative regulatory function of BspR via its role 































Ǟ Bordetella řŷȇȬɚɓǊªȆ%ªzûªļéŷȁǨȗǥĢc 9 ŇǮRǳș
ȀǩȘ (1)ǦB. pertussisǥB. parapertussisǥB. holmesii ȇɇȾȅ®äǴǥĲÐ[Ȝ
ǯƝǲǶǦB. bronchiseptica ȇŅȅɇȾȅ®äǶȘǮǥȡɂȅäªûŏûŏÃ
ĚǥȢȰȪȅȳɀȻɉɜǥɊȸȅŸŤªǝĚōȆ°ªĳȄ®äįȜǯƝǲǶ (2)Ǧ
ȏǻ B. pertussisǥB. parapertussisǥB. bronchisepticaȆlhƶ9ǮÏȅƈáǳș
ȀǬȗǥǹȆŝâǭȖ B. pertussisȄȖȊȅ B. parapertussisȇ B. bronshiseptica
ǭȖăĦǴǻǲȂǮŀ]ǳșǥǲȆ 3 ŷŇǃȅǬǩȀPƳ|ȇǜǩĹRªȜØǴ
ȀǬȗǥƳĳȅǯțȒȀƤţȁǨȘǲȂǥȏǻsǰȆĮI`|Ȝ/ØǶȘǲȂǮ
ÓȖǭȅȄǾȀǩȘ (3, 4)Ǧ 
Ǟ BordetellařŷȅǬǩȀsǰȆĮI`|ȇǥűƙƩeȆȵɟȰɡȩɀɡȶBvgS
ȄȖȊȅɝȳɐɟȳɝȪɗɝɡȸɡȆ BvgA ǭȖ²Ș BvgAS Ȇ²7;¤ŕȅȕȗ
ÃƶǳșȘ (5, 6)ǦB. pertussisȄȖȊȅ B. bronchisepticaȜ SSɣStainer-Scholteɤ





phaseȂYȈșȘ (8)ǦÎǥ B. bronchisepticaǥB. pertussisȜ 50 mMȆMgSO4
ȜUØǶȘgdȁgǘǴǻȂǯȅ BvgS ȇĂªEǴȄǩǲȂǮĻȖșȀǬȗǥǲȆğ
¯ȇ Bvg- phase ȂYȈșȘ (9)ǦBvg- phaseȆğ¯ȁȇøŘǥĺ`|ǥIIIe7
ÿſŧȆȕǪȄĮI`|ȇıĢǸǷǥǒúȆì²²7ȜȯɡȿǶȘƳ|ŨȄȃȆ


















Ȗȅȕȗ¾èǳșǻ SctɣSecretion and cellular translocationɤǮĨǩȖșǥǫȈȵ
ȫɝȺɟȜì²ǶȘȸɟɆȫƛȇ SctC ȂYȈșȘ (15)ǦIIIe7ÿſŧȇȆȕǪ
ȅìőǳșȘɣb 2ɤǦ×:ȅ SctRǥSctS ȄȃǭȖì²ǳșȘƢƦſŧɣexport 
apparatusɤȂYȈșȘƂQǮ0űȅìőǳșɣb 2-ǟɤǥǹȆ¢ȅ0űɛɟȬɣIM 
ring, inner membrane ringsɤǮƢƦſŧȆXaȅìőǳșȘɣb 2-Ǡɤ(14)Ǧ0űɛ
ɟȬǮìőǳșǻ¢ǥ0űȂrűȆǃȅ IIIe7ÿſŧȆhƵìƪȜcǳǸȘǻȒ
ȅɎɋȺȿȬɛȧɟǂžƸŘȅȕȗǥɎɛɋɚȴɓ0ȆɎɋȺȿȬɛȧɟȇƵ7ĳȅ
ǉJǳșȘɣb 2-ǡɤǦǹȆ¢ǥrűȅ SctC ȅȕȗì²ǳșȘìƪȁǨȘȵȫɝȺɟ
Ǯìőǳșɣb 2-ǢɤǥȵȫɝȺɟȇ0űȅcǶȘ0űɛɟȬȂĸ»ĳȅ»ƉǶȘ














ŏĴřŭȋȆ-ȔĚį¬ƝȅǄǶȘ IIIe7ÿſŧ T3SS-1 (16)ǥǹǴȀŰ
ŏĮIªtŰŷɣEPECɤ(17)ǥŰŏ6ŻªtŰŷɣEHECɤ(18)Ȇ III e7ÿſŧȇ
ǲȆɕȽɜȅȕȗ IIIe7ÿſŧǮìőǳșȘȂũǫȖșȀǩȘ (14)Ǧ 
Ǟ ǲșȏȁȅ BordetellařŷȆ IIIe7ÿȸɟɆȫƛȂǴȀ BteAɣBopCɤ(19-22)ǥ
BopB (23)ǥBopD (24)ǥBopN (25, 26)ǥBsp22 (27, 28)ǥBspRɣBtrAɤ(29-31)Ȇ 6
ǿǮRǳșȀǩȘǦBopB Ȃ BopDȇƂQȜ²Ǵǥ	řŭűȅ}Ȝ²ǶȘ
}²`|ȁǨȘ (24)ǦBsp22 ȇɁɡȿɜìƪȆ)ŌȅǳȔğìƪȜì²Ǵǥ
BopD ȂĹĨǴȀǩȘ (27)ǦȤɉȣȫȸɡȁǨȘ BteA ȇ N ÛŌǕfȜǴȀ
	řŭȆůƛɚɉȾȅcǶȘǲȂ (22)ǮiWǳșȀǬȗǥȟȫȺɟřŭǛçŕȱȬ
ɀɜưŜƞȜǴȀɃȫɞɡȱȳíȆřŭõȜƑǴǥȏǻɑȫɞɉȞɡȲȆƘǗ
ĨȜ³;ǶȘǲȂǮÓȖǭȂȄǾȀǩȘ (20)ǦBopN ȇ BteA ȂȇĬȄȘðŮȜØ
ǶȘȤɉȣȫȸɡȁǨȗ (25, 26)ǥ	řŭƛȋńż¢ǥæ0ȅńżǶȘ (25)Ǧæ0
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ȅńżǴǻ BopNȇ NF-κBȆȰɊɘɁȻȾȁǨȘ p65ȆæńżȜǅǶȘÎȁǥ
Rǵǰ NF-κBȆȰɊɘɁȻȾȁǨȘ p50ȆæńżȜ ƬǶȘ (25)ǦBopNȇ NF-κB
Ȇ p65 Ȃ p50 Ȇæ0ȅǬǱȘ~cùȜ;¤ǶȘǲȂȁ IL-10 ȆħĦȜƑǴǥ®ä
śŦȋȆzģȆąĖȜ³;ǶȘǲȂǮiWǳșȀǩȘ (25)Ǧȏǻ BopN ȇ BteA
Ǯ{ǶȘɃȫɞɡȱȳíȆřŭõȜƀBǶȘðŮȜØǶȘǲȂǮÓȖǭȂȄǾȀǩ
Ș (26)ǦBspRȇ IIIe7ÿȸɟɆȫƛȁǨȘÎȁǥŷ0ȅǬǩȀ IIIe7ÿſŧ
ȆðŮȜƗȅ;¤ǶȘƟ2ƓŐ`|ȂǴȀðŮǶȘ (29)ǦBspR ȜȯɡȿǶȘƳ
|ȇ btrƳ|ȅ~cǴɣb 4ɤǥbtrƳ|ȅȇ BspR ȜUȒȀ 5ǿȆȸɟɆȫ
ƛɣBtrSǥBspRǥBtrUǥBtrWǥBtrVɤǮȯɡȿǳșȘɣb 4ɤǦǲșȖ 5 ǿȆȸɟɆȫƛ
ȇ bscƳ|ȄȃȆ IIIe7ÿſŧȅǄƫǶȘƳ|ȆıĢȜ;¤ǶȘ (32, 33)Ǧ
bscƳ|ȆƟ2ȅȇ btrƳ|ȅȯɡȿǳșȘȱȬɑ`|ȁǨȘ BtrSǮ§Ƅ
ȁǨȘ (33)ǦƤȆĽňȅȕȗ BspRǮ BtrS ȂĹĨǴǥBtrSȆ´ȱȬɑ`|Ȃ
ǴȀðŮȜâǻǶǲȂȅȕȗbscƳ|ȅ~cǶȘƳ|ȆƟ2Ȝ³;ǶȘǲȂǮ
ŀ]ǳșȀǩȘ (31)Ǧ 
Ǟ btrƳ|ȅǍ»ǴȀ~cǶȘ bscƳ|ɣb 4ɤȅȇ IIIe7ÿſŧȆì²`
|ǥðŮÚĻȆȸɟɆȫƛȜȯɡȿǶȘ 29 ŇǖȆƳ|Ǯ~cǶȘ (3)ǦðŮÚĻ
ȆȸɟɆȫƛȁǨȘ Bcr4 ȜȯɡȿǶȘƳ|ȇ bsc Ƴ|ȅUȏșȘ (3)ǦBcr4
ȇ 174ȟɒɄƹöhǭȖȄȘ 18.1 kDaȆȸɟɆȫƛȁǨȘǦBcr4ȇ 58-86ǥ91-124ǥ
129-155ǥ129-155 ȆPȟɒɄƹǕfȅ TPRɣtetratricopeptide repeatɤɕȺɡɉ 
(34)ȂYȈșȘȱɖɎɞɟȆðŮȔȸɟɆȫƛǃȆĹĨȅǄǶȘɕȺɡɉȜ
!ØǶȘǦBcr4 ȇĥnÐZƅĮIȂǴȀĻȖșȘ Achromobacter xylosoxidans 
(35)ȆðŮÚĻȸɟɆȫƛ NH44784_14631ǥŠŲŷȁǨȘ Pseudomonas 
aeruginosa (36)ȆPcr4ǥŰĚȤɜȱɁȟȂǴȀĻȖșȘYersinia enterocolitica (37)
Ȇ YscY ȂǹșǺș 49.1%ǥ26.6%ǥ18.4%ȆȟɒɄƹȆĹRªȜØǶȘǦPcr4 ȇ
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109ȟɒɄƹöhǭȖȄȘ 12 kDaȆȸɟɆȫƛȁǨȗǥIIIe7ÿſŧȕȗ7ÿǳșȘ 
(36, 38)ǦYscYȇ TPRɕȺɡɉȜØǴ YersiniařŷȅǬǩȀ IIIe7ÿſŧȆ7
ÿȅ§ǔȄ YscX ȂǩǪȸɟɆȫƛȆȱɖɎɞɟȁǨȘȂũǫȖșȀǩȘ (37)Ǧ
Bordetella řŷȆȮɄɓȅȇ YscX ȂĹRªȜØǶȘȸɟɆȫƛȜȯɡȿǶȘƳ









ŷ Escherichia coli DH10B åɣ Invitrogen ɤȜĨǩǻǦȳɡȰȡȿɍȫȸɡ
pABB-CRS2ȜƂƁǶȘǻȒȆ	ȂǴȀ E. coli SM10λpirȜĨǩǻ (39)ǦƖŸŤ
ªǝĚȅ®äǴȀǩȘƖȆǝœűǭȖGǏǴǻûŏÃÆŻįŷ B. bronchiseptica 
S798ȜƽĦåȂǴȀĨǩȘȂȂȓȅǥǶȌȀȆ B. bronchisepticaqĬåȆƇåȂǴ
ȀĨǩǻ (23, 40)ǦIIIe7ÿŮ^xåȂǴȀ IIIe7ÿſŧȆ ATPaseȁǨȘ BscN
ȜȯɡȿǶȘ bscNȆ0Ƶƶ9ȜñxǴǻ BscNñÀåɣΔbscNɤȜ (23)ǥȏǻ bspR
Ƴ|Ǯľpǳșǻ BspR ñÀåɣΔbspRɤȜĨǩǻ (29)ǦB. bronchiseptica ȇ
Bordet-GengouɣBGɤugd (41-43)ȁ 2Ðǃǥ37˚CȁgǘǴǥȱɟȬɜȯɞɁɡ
ȜĕŷċȆɋɚȳȺȻȫɜɡɋȁƿŷǴǻǦǲșȜ Stainer-ScholteɣSSɤćgd 





Ǟ ɚȻȾūĴĩàȆ L2 řŭɣATCC CCL-149ɤȆgǘȇǥ10ɢȆȢȱŬ,ŻĊȜ
Uȑ F-12KɣInvitrogenɤȆgdȜĨǴǥ37℃ǥ5% CO2ȆßȁgǘǴǻǦ 
 
2-3. Ƴ|ñÀqĬåȆƁ 




Ș DNAȆÌĝȜ PCRħĞȂǴȀ£ǻǦǲȆ PCRħĞȂ pDONR-201Ȇ BPK©
ɣGateway Cloning System; Invitrogen ɤȜżǩ pDONR-bcr4 ȜƁǴǻǦ
pDONR-bcr4 ȜǀeȂǴȀ bcr4 Ƴ|Ȇ0Ƶƶ9ȅĹƀǶȘɋɚȡɑɡRɥ-bcr4ǥ
R2-bcr4ȅȕȘ inverse PCRȜżȄǾǻǦ£Ȗșǻ PCRħĞȜ EcoRIȅȕȗĆEǴ
ǻ¢ȅɚȡȮɡȱəɟK©ȜżǩǥpDONR-Δbcr4 ȜƁǴǻǦòȅ pDONR-Δbcr4
ȂȳɡȰȡȿɍȫȸɡpABB-CRS2 ȂȆ LR K©ɣGateway Cloning System; 
InvitrogenɤȅȕȗǥpDONR-Δbcr4 ȅUȏșȘ0Ƶƶ9ȜñxǴǻ bcr4 Ƴ|Ȃǹ
ȆǍ»ǕfȜUȑ DNA ÌĝȜ pABB-CRS2 ȅńżǳǸǻǦLR K©¢ǥE. coli 
SM10λpir Ȝ	ȂǴǻȤɝȫȾɞɐɝɡȱəɟȜżǩǥȟɟɈȱɛɟ 50 μg/ml ȜUØ
ǶȘ LBgdȅkǴǥE. coli SM10λpir/pABB-CRS2-Δbcr4Ȝ£ǻǦ 
Ǟ ƌȆÎĀȁ£Ȗșǻ E. coli SM10λpir/pABB-CRS2-Δbcr4Ȃ B. bronchiseptica
ƽĦåȜLBɋɝɡȾȁĈQ¢ǥȳȾɝɋȾɑȡȱɟ30 μg/ml ǬȕȊȟɟɈȱɛɟ50 
μg/ml ȜUØǶȘ LB ugdȅkǴ 37℃ȁÕgǘǴǻǦĦŪǴȀǯǻȯɞ
ɁɡȜǳȖȅȳȾɝɋȾɑȡȱɟ 30 μg/ml ǬȕȊȟɟɈȱɛɟ 50 μg/ml ȜUØǶȘ
LB ugdȅkǴȀȯɞɁɡȜGǏǴǥRíȆÂȜ1żǩȯɞɁɡȜŗE
ǴǻǦ£ȖșǻȯɞɁɡȜȳȾɝɋȾɑȡȱɟ 10 μg/mlȜUØǶȘ LBćgdȅêŷ
Ǵǥ37˚C ȁ 3.5 Ôǃgǘ¢ǥȳȾɝɋȾɑȡȱɟ 15 μg/ml ȜUØǶȘȱɗȫɞɡȳ
ugdȅkǴǻǦǹȆ¢30˚CȁÕgǘǴǥĦŪǴǻŷȜBcr4ñÀ#ƀåȂǴǻǦ
#ƀåȆäŶDNAȜǀeȂǴȀɋɚȡɑɡ5-os-bcr4ǥ3-os-bcr4ȜĨǩȀPCRȜ
żǩǥoÌĝǮ 4.6 kbpǭȖ 4.3Ǟ kbpȅȱɉȾǴȀǩȘǲȂǥȏǻǹȆ PCRħĞȜ
EcoRI;ǇƸŘ5ĤǶȘǲȂȁ bcr4Ƴ|0ȅ 270 bpȆñxȜØǴȀǩȘǲȂȜ
ĿƐǴǻåȜ Bcr4ñÀåɣΔbcr4ɤȂǴǻǦ 
Ǟ E. coli SM10λpirȅ-Ǵǻ pABB-CRS2-Δbcr4Ȝ»Qưȅȕȗ BspRñÀå
ɣΔbspRɤȋ-ǴǥBcr4 ǭǿ BspR ȆƼñÀ#ƀåȂǴǻǦ#ƀåȆäŶ
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DNA ȇǀeȂǴȀɋɚȡɑɡ5-os-bb1639 Ȃ 3-os-bb1639ǥǬȕȊ 5-os-bcr4 Ȃ
3-os-bcr4 ȜĨǩȀ PCR ȜżǩǥoÌĝǮǹșǺș 4.6 kbp ǭȖ 4.3 kbp ȅǥ
4.7kbp ǭȖ 4.2kbp ȅȱɉȾǴȀǩȘǲȂȜĿƐǴǥBcr4 ǭǿ BspR ȆƼñÀå
ɣΔbcr4ΔbspRɤȜ£ǻǦ 
Ǟ BscN ǭǿ BspR ȆƼñÀåɣΔbscNΔbspRɤȜƁǶȘǻȒȅǥE. coli 
SM10λpir ȅ-Ǵǻ pABB-CRS2-ΔbscN Ȝ»Qưȅȕȗ ΔbspR ȋ-Ǵǥ
BscNǭǿ BspRȆƼñÀ#ƀåȂǴǻǦ#ƀåȆäŶ DNAȇǀeȂǴȀɋɚ
ȡɑɡ5-os-bb1639Ȃ 3-os-bb1639ǥǬȕȊ 5-os-bscNȂ 3-os-bscNȜĨǩȀ PCR
ȜżǩǥoÌĝǮǹșǺș 4.6 kbpǭȖ 4.3 kbpȅǥ3.6 kbpǭȖ 2.4 kbpȅȱɉȾ
ǴȀǩȘǲȂȜĿƐǴǥBcr4ǭǿ BspRȆƼñÀåɣΔbcr4ΔbspRɤȜ£ǻǦ 
 
2-4. pRK-bcr4ȄȖȊȅ pABB-bcr4 
Ǟ B. bronchisepticaƽĦåȆäŶ DNA ȜǀeȂǴǥɋɚȡɑɡB1-bcr4 comp Ȃ
B2-bcr4 compȜĨǩǻȟȹɋȸɡPCRȜżǩǥbcr4Ƴ|ȂǹȆĄǕfȜUȑ
627 bp Ȇ DNA ÌĝȜoǴǻǦǲȆ PCR ħĞȜȟȨɞɡȳȮɜǐûāD¢ǥ
QIAquick Gel Extraction KitɣQiagenɤȜĨǴȀŔƁǴǻǦ£Ȗșǻ DNA ÌĝȜ
BPK©ȅȕȗ pDONR201ȅ¹-ǴǥpDONR-bcr4-compȜ£ǻǦfhaɋɞɕɡȸɡ
ƶ9Ǯ¹-ǳșǻpDONR-fhaPǥpDONR-bcr4-compǥȄȖȊȅ rrnBȸɡɒɃɡȸɡ
Ǯ¹-ǳșǻ pDONR-rrnB ȜĈQǴǥMultiSite Gateway systemɣInvitrogenɤȜĨ
ǩȀǥfhaP-bcr4-rrnB ÌĝȜ pRK415-R4-R3-F ɋɚȳɒȿȅ¹-Ǵ (19)ǥbcr4 Ȝ
ǜıĢǳǸȘǻȒȆɋɚȳɒȿpRK-bcr4Ȝ£ǻǦȏǻǥlacɋɞɕɡȸɡȜØǶȘıĢ
ɍȫȸɡȁǨȘ pABB-415 (24)Ȃ pDONR-bcr4 compȂȆ LRK©ȅȕȗǥbcr4Ȝ
ņȅıĢǳǸȘǻȒȆɋɚȳɒȿ pABB-bcr4Ȝ£ǻǦ 
Ǟ ś¿ǫ BopN ȸɟɆȫƛȜŔƁǶȘǻȒȅ S798 ȮɄɓ DNA ȜǀeȂǴǥ
 11 
bopN-BamHIǥbopN-XhoI ȜɋɚȡɑɡȂǴȀĨǩǻ PCR Ȝżǩ bopNƳ|ȜU
ȑ DNAÌĝȜoǴǻǦoǴǻ DNAÌĝȜ pQE-30ɣQiagenɤȆ BamHIƐƕƶ




Ǟ B. bronchisepticaȆgǘć 50 μlȜƱ¦ǴǥĊȜǉJǴǻŷȜ 1 mlȆý3ŗ
üȅ±ėǴǻǦǹǲȅ 100%ȾɛȫɞɞƷƹȜ 100 μlĉA¢ǥýȁ 157ǃ3HǴǻǦ
4˚Cǥ15000 rpmǥ5 7ǃȆƱ¦¢ȅĊȜǉJǴǻǦ£ȖșǻþĎȅ 5 μl Ȇ 2 Μ 
Τris-base Ȃ 95 μlȆ 2xSDS sample bufferȜĉAǴǥ95˚Cȁ 37ǃAĜǴȀƎË
Ȝ£ǻǦ 
ɣ2ɤgǘĊĪ7ȆƓƁ 
Ǟ B. bronchiseptica ȆgǘćȜƱ¦Ǵ£ȖșǻĊȜ}¡ 0.22 μm ɉȠɜȸɡ
ɣMilliporeɤȜĨǩȀ 1 mɩȆęƮǴǻĊȜ£ǻǦǹǲȅ 5%ȽȦȩȱȯɡɜƹȜ 5 μl
ĉAǴǥǳȖȅ 100ɢȾɛȫɞɞƷƹȜ 100 μlĉA¢ǥýȁ 157ǃ3HǴǻǦ4˚Cǥ
15000 rpmǥ5 7ǃȆƱ¦¢ȅĊȜǉJǴǻǦ£ȖșǻþĎȅ 2 μl Ȇ 2 M 










ȼȡɟ AɣInvitirogenɤǨȘǩȇ anti-mouse IgG HRPɣSigmaɤȜĨǩǻǦ´Ȇƺ
ȇ Signal Enhancer HIKARI for Western Blotting and ELISAɣnakalai tesqueɤȜĨ






Ǟ ÜĽňȁȇ´BteA´ (19)ǥ´BopB´ (23)ǥ´BopD´ (24)ǥ´Bsp22
´ (28)ǥ´ BspR ´ (29)ǥ´ FHA ´ (45)ǥ´ CyaA ´ɣSanta Cruz 
BiotechnologyɤȜĨǩǻǦȏǻ´ Bcr4´ȇ Bcr4Ȇ 157-173ȟɒɄƹȅŴǶȘ
Bcr4ȆCÛŌɎɋȺȿɣCMMRPAPLQQSEPLPGAPAGɤȜ+ĭIȂǴǥ´BscC´












Ǟ B. bronchisepticaȆŷȕȗ TrizolɣThermo Fisher ScientificɤǥRNeasy Mini Kit
ɣQiagenɤȄȖȊȅ RNase-free DNase KitɣQiagenɤȜĨǩȀ. RNA ȜƓƁǴǻǦ
RNAȜǀeȂǴǻƧƟ2K©ȇǥTranscriptor Universal cDNA MasterɣRocheɤȜ
ĨǩȀżǾǻǦ£Ȗșǻ cDNAȰɟɋɜȅǿǩȀǥFastStart Essential DNA Probe 
MasterɣRocheɤȂȅŀǶɋɚȡɑɡȵȻȾȜĨǩǥLightCycler 96 system
ɣRocheɤȜĨǩȀɛȟɜȸȡɓ PCR K©ȜżǾǻǦbteAǥbopBǥbopDǥbsp22 ȄȖ
Ȋȅ recAƳ|0Ȇƶ9ȜoǶȘǻȒȅǥ5-bteAȂ 3-bteAǥ5-bopBȂ 3-bopBǥ






Ǟ B. bronchiseptica Ȇ®äǚȅȇ L2 řŭȜĨǴǻǦřŭǮ 5×104 
cells/well ȅȄȘȕǪȅǥ24 ȢȣɜɋɝɡȾȆPȢȣɜȅ 0.5 ml Ƿǿ L2řŭȆ±ė
ćȜĉAǴȀ 37˚Cǥ5ɢ CO2Ȇßȁ 20ÔǃgǘǴǻǦB. bronchisepticaȆPŷ
åȜ SSćgdȅȀgǘǴǻ¢ǥmoltiplicity of infection ɣMOIɤǮ 50 ȏǻȇ 200
ȂȄȘȕǪȅ F-12K ȁƺǴǻŷćȜ 24 ȢȣɜɋɝɡȾȆ L2řŭȅ 0.5 ml/well
ȁĉAǴǻǦďȁ 1700 rpmǥ57ǃȆßȁƱ¦¢ǥ37˚Cǥ5% CO2Ȇßȁ
1ÔǃȡɟȩɗɍɡȾǴǻǦBteAȅȕȘřŭ(ȜĐǶȘǻȒȅǥřŭ(Ȇ·î
ȂȄȘřŭ0ƹȽɇȿɞȮɀɡȶɣLDHɤȆÅ6Ȝ CytoTox96 Non-Radioactive 
Cytotoxicity AssayȜĨǩȀĐǴǻǦŷȜ®äǳǸǻ¢ǥ24ȢȣɜɋɝɡȾȆPȢȣ
ɜǭȖĊȜ 200 μlǷǿȆ 96ȢȣɜɋɝɡȾȅ_LǴǥďȁ 1700 rpmǥ57
ǃƱ¦ǴǻǦǹȆĊȜ 50 μl ǷǿȆ 96 ȢȣɜɋɝɡȾȅńǴǥReconstitute 
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Substrate MixȜ 50 μl ǷǿĉAǴǻǦǹȆ¢ɋɝɡȾȜƲ*Ǵǻğ¯ȁ 307ǃď
ȅÅŧǴǻ¢ǥ50 μlȆ&óćȜĉAǴȀ 492 nmȅǬǱȘV*ȜɑȡȫɞɋɝɡȾ




Ǟ ŞƋĳƈáȅȇ Prism 5.0f softwareɣGraphpadɤȅȕȘĝ'ë(one-tailed)Ȝ






3-1. Bcr4ȇ IIIe7ÿȸɟɆȫƛȆ7ÿȅ§ǔȁǨȘ 























FHA ȅǶȘ´ȜĨǩǻȢȤȳȸɟɊɞȻȾȜżǾǻǦBscC ȇ bsc Ƴ|ȅȯ
ɡȿǳșǥYersinia řŷǮħĦǶȘ YscC ȂĹRªȜØǶȘȸɟɆȫƛȁǨȘǦ
YscCȇ IIIe7ÿſŧȆȵȫɝȺɟȂYȈșȘrűɛɟȬȜì²ǶȘȸɟɆȫƛȁǨ
















ĦåȜmultiplicity of infectionɣMOIɤǮ 50ȏǻȇ 200Ȇßȁ L2řŭȅ®äǳǸ
ǻjQǥgdȅƭǏǶȘ LDHƾȇǹșǺș 19%ɣb 7aɤǥ58%ɣb 7bɤȁǨǾǻǦ
ÎǥΔbcr4ǬȕȊΔbscNȜ L2řŭȅ®äǳǸǻjQǥgdȅ LDHȇȍȂȝȃ







3-2. IIIe7ÿŮȆ^xȇ IIIe7ÿȸɟɆȫƛȆ mRNAƾȜČǳǸȘ 
Ǟ b 5cȆŝâȕȗǥΔbcr4Ȕ ΔbscNȆȕǪȄ IIIe7ÿŮȜ^xǴǻåȁȇ IIIe7
ÿȸɟɆȫƛȆħĦƾǮǶȘǲȂǮŀ]ǳșǻǦǲȆħĦƾȆȇƟ2÷ǌ
ȁƝǯȀǩȘǭȜƓȌȘǻȒȅǥB. bronchisepticaȆPŷåȕȗ. RNA ȜƓƁǴǥ
ɛȟɜȸȡɓPCRĀȜĨǩȀmRNAƾȜĐǴǻǦǹȆŝâǥƽĦåȂ IIIe7ÿŮ
Ȝ^xǴǻåɣΔbcr4ǥΔbscNǥΔbscN/pRK-bcr4ɤȜùƠǴǻjQǥIII e7ÿȸɟɆ
ȫƛȜȯɡȿǶȘ bteAɣb 8aɤǥbopBɣb 8bɤǥbopDɣb 8cɤǥbsp22ɣb 8dɤȆ
mRNA ƾȇǩǷșȓØ­ȅČǴǻǦÎǥBcr4 Ʈ>ıĢåɣΔbcr4/pRK-bcr4ɤȅ
ǬǱȘ bteAɣb 8aɤǥbopBɣb 8bɤǥbopDɣb 8cɤǥbsp22ɣb 8dɤȆ mRNA ƾȇ
Bcr4ñÀåɣΔbcr4ɤȂùƠǴȀØ­ȅoAǴǻǦBcr4Ʈ>ıĢɠIIIe7ÿŮ^xå
ɣΔbscN/pRK-bcr4ɤȆŷ0ȅǬǱȘ Bcr4 ȆħĦƾȜƓȌȘǻȒȅ.ŷĪ7ȅ
ǶȘ´ Bcr4 ´ȜĨǩǻȢȤȳȸɟɊɞȻȾȜżǩǥBcr4 ǮƮ>ȅħĦǳșȀǩ
ȘǲȂȜĿƐǴǻɣb 9ɤǦ 
Ǟ ȆŝâǥIII e7ÿŮȆ^xȅȕȗ III e7ÿȸɟɆȫƛȜȯɡȿǶȘƳ|Ȇ
Ɵ2ǮƽĦåȂùƠǴȀ³;ǳșȘǲȂǮǰŀ]ǳșǻǦȏǻ Bcr4Ʈ>ıĢɠIIIe
7ÿŮ^xåɣΔbscN/pRK-bcr4ɤȁȇ IIIe7ÿȸɟɆȫƛȆ mRNAƾǮČǴȀ




3-3. Bcr4ñÀȇ BspRȆ´ȱȬɑ`|ȂǴȀȆðŮȜoǶȘ 
Ǟ BtrS ȇ bsc Ƴ|ȅǍ»ǶȘ btr Ƴ|ɣb 4ɤȅȯɡȿǳșȘȱȬɑ`|Ȇ
ǿȁǥbscƳ|ȆƟ2ȜµǾȀǩȘ (33)ǦÎǥBtrSȂRíȅbtrƳ|ȅ
ȯɡȿǳșȘ BspRȇ BtrSȆ´ȱȬɑ`|ȂǴȀðŮǴ bscƳ|ȆƟ2Ȝ³;
ǶȘǲȂǮiWǳșȀǩȘ (29, 31)ǦΔbcr4ȅǬǩȀ IIIe7ÿȸɟɆȫƛȜȯɡȿǶ
ȘƳ|ŨȆmRNAƾȇƽĦåȂùƠǴȀČǴȀǩǻɣb 8ɤǲȂǭȖǥBcr4Ǯñ
ÀǶȘȂ BspR Ȇ´ȱȬɑ`|ȂǴȀȆðŮǮoǳșȘǲȂǮ¼ǳșǻǦǲȆ
ƒȜëƍǶȘǻȒȅ Bcr4ǭǿ BspRȆƼñÀåɣΔbcr4ΔbspRɤȜƁǴǻǦ 
Ǟ ƽĦåǥΔbcr4ǥBspR ñÀåɣΔbspRɤǥΔbscNǥΔbcr4ΔbspRǥΔbcr4ΔbspR ȅ
Bcr4ȜƮ>ıĢǳǸǻåɣΔbcr4ΔbspR/pRK-bcr4ɤǥΔbcr4ΔbspR ȅBspRȜĹƀ
ǴǻåɣΔbcr4ΔbspR/pRK-bspRɤȜ 18 ÔǃǥSS ćgdȁǹșǺșgǘǴǥPg
ǘćȕȗĊĪ7ȜƓƁǴȀ SDS-PAGEȁǂ¢ǥCBBäŶȜżǾǻǦ 
Ǟ ǹȆŝâǥΔbcr4ΔbspR/pRK-bcr4 ȇ III e7ÿȸɟɆȫƛȆɅɟȿǮgǘĊĪ
7 ȅ Ɛ Ȓ Ȗ ș ǻ  Î ǥ Bcr4 Ȝ ñ À ǳ Ǹ ǻ å Δbcr4 ǥ Δbcr4ΔbspR ǥ











3-4. BscN Ȃ BspRȆƼñÀåȁȇ IIIe7ÿȸɟɆȫƛȆħĦƾǮoAǶȘ 
Ǟ ÜĽňȆ<ǓȏȁȆǚŝâȕȗǥBcr4 ñÀåȅǬǩȀ III e7ÿŮǮ^xǴ III
e7ÿȸɟɆȫƛȆŷr7ÿǮǅǳșȘǲȂɣb 5a, bɤǥǬȕȊ´ȱȬɑ`|ȁ




ÀǴȀǩȘåȁȇǩǷșȆŷåȅǬǩȀȓǥBspR ȅȕȘ bsc Ƴ|ȆƟ2³;
ĨǮoǳșȘȆǭȅǿǩȀƓȌȘǻȒȅǥBscN ǭǿ BspR ȆƼñÀå
ɣΔbscNΔbspRɤȜƁǴǻǦƽĦåȄȖȊȅ ΔbspRǥΔbscNǥΔbscNΔbspR Ȝ 18
ÔǃǥSS ćgdȁǹșǺșgǘǴǥPgǘćȕȗĊĪ7ȜƓƁǴȀ
SDS-PAGE ȁǂ¢ǥCBB äŶȄȖȊȅ BteAǥBopBǥBopNǥBopDǥBsp22ǥ
BspRǥBcr4ȅǶȘ´ȜĨǩǻȢȤȳȸɟɊɞȻȾȜżǾǻǦ 
Ǟ ǹȆŝâǥBcr4 ȜñÀǴȀǩȘåȁǨȘ Δbcr4 ȄȖȊȅ Δbcr4ΔbspR ȂRíȅǥ
BscN ȜñÀǴȀǩȘåȁǨȘ ΔbscN ȄȖȊȅ ΔbscNΔbspRȆgǘĊĪ7ȅǬ








ĦåȂùƠǴȀoAǴǻɣb 11cɤǦȆŝâȕȗǥBcr4 ȆñÀȅȕǾȀ III e7ÿ
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ŮǮ^xǴǻjQǼǱȁȄǰǥBscNȆñÀȅȕǾȀ IIIe7ÿŮȜ^xǴǻjQȅǬ











Ǟ B. bronchisepticaƽĦåȆgǘĊĪ7ȅǬǩȀ Bcr4ȆȱȬɀɜȇë6ǳșȄ





åȅǬǩȀ Bcr4ȇgǘĊĪ7ȅ Bcr4ȆȱȬɀɜǮë6ǳșȘǮǥBcr4ȇ IIIe
7ÿſŧ~ĳȅ7ÿǳșȄǩǲȂǮŀ]ǳșǻǦ 
Ǟ BordetellařŷǮħĦǶȘȱȬɑ`| BɫɪSȇǥIIIe7ÿȸɟɆȫƛȄȖȊȅ III
e7ÿſŧȆì²`|ȂȄȘȸɟɆȫƛǮȯɡȿǳșȘ bsc Ƴ|ȆƟ2ȜµǪ 
(33)Ǧȏǻ BspRȇȱȬɑ`| BtrS ȂŝQǴǥbscƳ|ȆƟ2ȜǳǸȘǲȂ








e7ÿȸɟɆȫƛȆȱȬɀɜȇ ΔbspR ȂRņȁǨǾǻɣb 10ɤǦǴǻǮǾȀǥ
Δbcr4ΔbspRȅǬǩȀ bscƳ|ȅȯɡȿǳșȘ IIIe7ÿȸɟɆȫƛȆħĦƾȆ
oAȇǥΔbspRȅǬǱȘ IIIe7ÿȸɟɆȫƛȆħĦƾȆoAȂRņǼȂũǫȖș
ȘǦǲȆǲȂǭȖ Δbcr4 ȅǬǱȘ bsc Ƴ|ȆƟ2³;ȇ BspR ȅ~ǶȘǲȂ
Ǯ¼ǳșȘǦǴǭǴȄǮȖǥΔbcr4ΔbspRȆ.ŷĪ7ȅǬǩȀ BteAȆȱȬɀɜ
ȇ Δbcr4Ȃ ΔbspRȆǃȆȱȬɀɜȁǨǾǻɣb 10ɤǦǲȆĤĩȇÓȁ
ǨȘǮǥBteA ȜȯɡȿǶȘƳ|ȇ bsc Ƴ|ȅcǴȄǩǻȒ BspR ȜǳȄ
ǩƟ2³;ŜƞǮ~cǶȘNŮªȓũǫȖșȘǦ 
Ǟ BordetellařŷȂȇěĳȅǥ¨ƚƜİŷȄȃȜUȑ Shigellařŷ (47)ǥɃ
ȴɒȺɉȳŷȄȃȜUȑ Salmonellařŷ (48)ǥɎȳȾŷȄȃȜUȑ Yersiniař
ŷ (49)ǥŰŏĮIªtŰŷ Enteropathogenic E. coli (17, 50)ȅǬǩȀƽĦåȄȖ
Ȋȅ IIIe7ÿŮǮ^xǴǻŷåǃȁ IIIe7ÿȸɟɆȫƛȆħĦƾȇȍȎRņȁ
ǨȘǲȂǮŀǳșȀǩȘ (17, 47-50)ǦǲșȖȆĮIřŷȇ IIIe7ÿſŧȜØǴȀǩ
ȘǮǥBspR ȂĹRªȜØǶȘȸɟɆȫƛȜ!ØǴȀǩȄǩǦǴǻǮǾȀǥBordetella
řŷȇ IIIe7ÿȸɟɆȫƛȆħĦȅǬǩȀ Bcr4 ȄȖȊȅ BspR ȜǴǻĠųȆ
;¤ðìȜØǴȀǩȘȂũǫȖșȘǦ 
Ǟ b 5ȆȽɡȸȕȗ Bcr4Ǯ IIIe7ÿȸɟɆȫƛȆħĦƾȜoAǳǸȘĨȜ¶ǿǲ
ȂǮŀ]ǳșǻǦÎȁǥΔbcr4ΔbspR Ȇŷ0ȅǬǩȀ III e7ÿȸɟɆȫƛȇŷ
0ȁƮ>ȅħĦǳșǻɣb 10ɤǦǲȆǲȂǭȖ Bcr4 Ǯ BspR ȂŝQǴǥBcr4 Ǯ
BspR ȅȕȘ IIIe7ÿȸɟɆȫƛȆħĦ³;Ȝĸ»ĳȅƈǉǶȘǲȂȅȕǾȀ IIIe
7ÿȸɟɆȫƛȆħĦƾȜoAǳǸȘǲȂǮũǫȖșǻǦǹǲȁ BspR Ȃ Bcr4 ȂȆĹ
ĨȜƓȌȘǻȒȅǥɉɚȻȬɣFLAGɤȸȬȜAǴǻBspR-FLAGȜΔbspRȆŷ
0ȁıĢǳǸǥ.ŷNĔEĪ7ȜƓƁ¢ǥ´ FLAG ´ȜĨǩǻɋɜȹȢɟƎ
ǚȜƎȐǻǦǴǭǴȄǮȖǥǲșȏȁȆȂǲȚ BspR Ȃ Bcr4ȆĹĨȇƐȒȖșȀ
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ǩȄǩ ɣȽɡȸÚ½ơ ɤ ǦÎȁ Bcr4 Ʈ>ıĢ ɠ III e7ÿŮ^xå




Ǟ BspRȔȱȬɑ`| BtrSȆƳ|ǮcǶȘ btrƳ|ȄȖȊȅ IIIe7ÿȸɟ
ɆȫƛȔ IIIe7ÿſŧì²`|ȆƳ|ǮcǶȘ bscƳ|ȇǥĮI`|;
¤ȱȳȼɓȁǨȘBvgAS²7;¤ðìȅȕȗôȅ;¤ǳșȀǩȘ (33)ǦbscƳ
|ȅcǶȘ bopBǥbopNǥbopDǥbsp22ǥbcr4 ȆƳ|ǥȏǻ bsc Ƴ|Ȃ
ȇǏșǻƳ|ȅcǶȘ bteA Ƴ|ǥbtr Ƴ|Ȇ bspR Ƴ|ȇǥBtrS
~ĳȅƟ2ǳșȘ (29, 31, 33)Ǧb 5c ȁŀǴǻȕǪȅǥƽĦåǥΔbcr4ǥ
Δbcr4/pRK-bcr4ǥΔbcr4/pABB-bcr4ǥΔbscN Ȇ.ŷĪ7ȅǬǱȘ BspR ȆȱȬ
ɀɜȅØ­ǮƐȒȖșȄǭǾǻǦǴǻǮǾȀǥbspR Ƴ|ȇ BtrS ~ĳȅ
Ɵ2ȆĂªEȜMǱȘǮ (31)ǥBspRȆ³;ȜMǱȘ IIIe7ÿȸɟɆȫƛȆƳ|
ȂȇĬȄȗǥǹȆɔȧɁȴɓȇÓȁǨȘǮ bspRƳ|ȇ BspRȅȕȗƟ2Ȇ³;
ȜMǱȄǩǲȂǮŀ]ǳșǻǦȏǻ Ahuja ȖȆiW (31)ȁȇǥbspR Ƴ|Ȝǉǰ
BtrSȅȕǾȀĂªEǳșȘ btrƳ|ȆƳ|ɣbtrSǥbtrMǥbtrNǥbtrUǥbtrOǥ
aɩrɤȆǪǽǥbtrSǬȕȊ btrMȆƟ2ȇ BspRñÀåȅǬǩȀoAǴȀǩȄǩǦǲȆǲ
ȂǭȖǥbspRǥbtrSǥbtrM ȆƳ|ȇ bspR Ƴ|ȂRíȅ BspR ȅȕȘƟ2Ȇ;
¤ȜMǱȄǩǲȂǮŀ]ǳșȘǦÎǥbtrNǥbtrUǥbtrOǥaɩrȆȕǪȄ btrƳ|ȅ
cǶȘȆƳ|ȇ BspR ȅȕȘƟ2Ȇ;¤ȜMǱȘǲȂǮŀǳșȀǩȘ (31)Ǧ
ǲȆǲȂǭȖ btr Ƴ|ȆıĢ;¤ðìȇ bsc Ƴ|ȂĬȄȘǲȂǮ¼ǳș
ȘǦ 










FlgM Ǯ7ÿǳșȘǲȂȅȕǾȀ FlgM Ȇ;¤ǮȄǰȄȘȂǥσ28Ǯǒúťşì²`|
ȆƳ|ȜƟ2ǴǥǒúťşǮìőǳșȘɣb 12ɤ(55, 56)ǦBspR ȓ FlgM ȂRíȅ
ȱȬɑ`|ȁǨȘBtrSȅĹĨǴǥIIIe7ÿſŧǭȖ7ÿǳșȘ (29, 30)Ǧb 5c




Ǟ Bcr4ȇ YersiniařŷȆ YscXȆȱɖɎɞɟȁǨȘ YscY Ȃ 18.4ɢȆRªȜØ
ǶȘǦYscXȇ 122ȟɒɄƹöhǭȖȄȘ 13.6 kDaȆȸɟɆȫƛȁǨȗǥYscXȜȯɡ
ȿǶȘƳ|ȇ YscY ȆĸĄȅȯɡȿǳșȘǦYscX ȇ Yersinia řŷǮȓǿ III
e7ÿŮȅ§ǔȁǨȘǮƏřȄðŮȇÓȖǭȅȄǾȀǩȄǩ (57)ǦYscX ȅĹRª
ȜØǶȘȸɟɆȫƛȇBordetellařŷȆȮɄɓȅ~cǴȄǩǮǥBcr4ȇȱɖɎɞɟ
ȁǨȘ YscY ȂĹRªȜØǶȘǲȂǭȖǥIII e7ÿſŧȆ7ÿŮȅ§ǔȄì²`|
ȜhƛȂǶȘȱɖɎɞɟȂǴȀðŮǶȘNŮªǮǨȘǦǹǲȁBcr4Ȃ IIIe7ÿſŧì
²`|ȂȆĹĨȜƓȌȘǻȒȅǥBcr4 ȅɇȳȺȲɟɣHisɤȸȬȜAǴǻ
His-Bcr4 Ȝś¿ǫȸɟɆȫƛȂǴȀtŰŷȕȗŔƁ¢ǥB. bronchiseptica ƽĦåȆ
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.ŷNĔEĪ7ȂĈQǴɋɜȹȢɟƎǚȜƎȐǻǦǴǭǴȄǮȖǥĢcȏȁȆȂǲ
Ț Bcr4 ȂĹĨǶȘȸɟɆȫƛȜë6ǶȘǲȂȇȁǯȀǩȄǩɣȽɡȸÚ½ơɤǦ 
Ǟ Bcr4ȆƏřȄ7|ɝɍɜȆðŮȇÓȁǨȘǮǥBcr4ȜȯɡȿǶȘƳ|Ȇĸ
Ąȅȇ BscI ȜȯɡȿǶȘƳ|ǮŧǴȀǩȘɣb 4ɤǦIII e7ÿðìȅǬǱȘȱɖ
Ɏɞɟ7|ȇǥȱɖɎɞɟƳ|ȅǍ»ǴȀȯɡȿǳșȘȸɟɆȫƛȜɆɡȾɀɡ7|
ȂǶȘǲȂǮĻȖșȀǩȘ (58)ǦBscIɣb 1ɤȇ YersiniařŷȆ IIIe7ÿſŧȆȡ




Ȇ.Ȅìőȅȕȗ III e7ÿȸɟɆȫƛȇ7ÿǳșȄǩȂ«ǳșȘɣb 13ɤǦ
Yersinia řŷȅǬǩȀ YscI ȆȱɖɎɞɟȅǄǶȘiWȇ~cǴȄǩǦǲșȏȁȅ
iWǳșȀǩȘ IIIe7ÿðìȅǄǶȘȱɖɎɞɟȆhƛȇǥ.Ȁ IIIe7ÿſŧǭ
Ȗ7ÿǳșȘȸɟɆȫƛȁǨȘǦBscI ȂĹRªȜØǶȘ YscIȇ IIIe7ÿſŧǭȖ7
ÿǳșȘǲȂǭȖ (59)ǥBcr4ȆhƛǮ BscIȁǨȘǲȂǮ¼ǳșȘǦ 
Ǟ ǳȖȄȘƈáȇ§ƄȁȇǨȘǮǥÜĽňȅȕȗBcr4ȇ IIIe7ÿſŧȆðŮȅ§ǔ
ȆȸɟɆȫƛȁǨȗǥIII e7ÿſŧǮðŮĳȁǨȘjQȅ BspR ȆƟ2³;CâȜ
ƈǉǶȘȂǩǪǲșȏȁȅiWȆȄǩÍƆȆðŮȜØǶȘɘɁɡȫȄȸɟɆȫƛȁǨ








ǩȘ III e7ÿſŧȜȓǿǦIII e7ÿſŧȆì²ȸɟɆȫƛȜȯɡȿǶȘƳ|ȇä
ŶȆ bscĮIƳ|ȅŧǴȀǩȘǦÜĽňȁȇǥBordetellařŷȆ®ä
ðìȜ7|ɝɍɜȁƈÓǴǥĲÐ[ȅǶȘź=ǂıȆǻȒȆ7|hĵȜìőǶȘ
ǲȂȜķĳȂǴȀǥûŏÃÆŻįŷ Bordetella bronchisepticaȆ bscĮIƳ|
ȅȯɡȿǳșȘðŮÚĻȸɟɆȫƛ Bcr4 ȆðŮƈáȜżǾǻǦBcr4 ñÀåȁȇǥ
BopBǥBopNǥBsp22ȄȃȆ IIIe7ÿȸɟɆȫƛȆ7ÿǮƐȒȖșȄǭǾǻǦȏǻ III
e7ÿȸɟɆȫƛȆħĦƾȇƽĦåȂùƠǴǴǻǦBcr4 ȜƮ>ȅıĢǶȘŷå
ȇǥƽĦåȂùƠǴ III e7ÿȸɟɆȫƛȆ7ÿƾȄȖȊȅħĦƾǮoAǴǻǦIII e
7ÿȸɟɆȫƛȆȉȂǿȁǨȘBspRȇbscƳ|ȆƟ2ȜƗȅ;¤ǶȘǲȂȅȕ































ŷå Ĩƨɠªƛ Êġ 
DH10B DNAȆȫɞɡɁɟȬ Invitrogen 
SM10λpir pABB-CRS2ȜƂƁǳǸȘǻȒȆ	 (39) 
S798 B. bronchiseptica ƽĦå (23) 
Δbcr4 S798 bcr4ñÀå ÜĽň 
ΔbscN S798 bscNñÀåɨIIIe7ÿŮ^xå (23) 
ΔbspR S798 bspRñÀå (29) 
Δbcr4ΔbspR S798 bcr4 Ȃ bspRȆƼñÀå ÜĽň 
ΔbscNΔbspR S798 bscN Ȃ bspRȆƼñÀå ÜĽň 
 29 
Ž 2Ǟ ÜĽňȁĨǴǻɋɚȡɑɡȆlhƶ9 
ɋɚȡɑɡS ƶ9 Êġ 
B1-bcr4 5'-AAAAAGCAGGCTCTGGACGTCGAAGCGAAGG-3' ÜĽň 
B2-bcr4 5'-AGAAAGCTGGGTGCTCGGCGTAGTCTTCGGCG-3' ÜĽň 
B1-bcr4 comp 5'-AAAAAGCAGGCTGCCAGGTCCGGTCTCGCACCG-3' ÜĽň 
B2-bcr4 comp 5'-AGAAAGCTGGGTAGATCCAAATTCATCCAGGAGC-3' ÜĽň 
R1-bcr4 5'-GGAATTCCGCCAGAAAGCCCACTTCGG-3' ÜĽň 
R2-bcr4 5'-GGAATTCGCGGGTGGCGAGGCGGCAAG-3' ÜĽň 
5-os-bb1639 5'-GCATCCCCATCGCCACAGCA-3' ÜĽň 
3-os-bb1639 5'-TTACGCCGGGGATGGCCACC-3' ÜĽň 
5-os-bcr4 5'-GCAGCGCGTATCGAGCGTTG-3' ÜĽň 
3-os-bcr4 5'-TAGCCTCGCCTGCGCTCGCG-3' ÜĽň 
5-os-bscN 5'-GCCATTGGTCGCGCTGGATCTTGTG-3' ÜĽň 
3-os-bscN 5'-TCGCGCGCCATGGCATGCAATCCTC-3' ÜĽň 
bopN-BamHI 5'-CGGGATCCATGACTCGTATCGATGCCGCCCCC-3' ÜĽň 
bopN-XhoI 5'-CCGCTCGAGCGGTCATGCGTTCTCCATTGCTA-3' ÜĽň 
5-recA 5'-ATGAAGATCGGCGTGATGT-3' ÜĽň 
3-recA 5'-TAGAACTTGAGCGCGTTGC-3' ÜĽň 
5-bsp22 5'-AAGTGCCTACACCACCGTAAA-3' ÜĽň 
3-bsp22 5'-TCCATCTGTTGCGTATTGGA-3 ÜĽň 
5-bopD 5'-CGGCTCGGTGAAGACATC-3' ÜĽň 
3-bopD 5'-CCTCCCGCATCTGTTGAC-3' ÜĽň 
5-bopB 5'-GTCTGCTGACAGCGTTGG-3' ÜĽň 
3-bopB 5'-GGTTCGATCAGCAAGACGA-3' ÜĽň 
5-bteA 5'-AATGGCCTTGGTGGGAAC-3' ÜĽň 




Ž 3 ÜĽňȁĨǴǻɋɚȳɒȿ 
 
ɋɚȳɒȿ Ĩƨɠªƛ Êġ 
pDONR201 ȫɞɡɁɟȬɍȫȸɡ Invitrogen 
pRK415-R4-R3-F MultiSite Gateway Ā Ǯ  Ĩ N Ů ȄBordetellaĨȆıĢɍȫȸɡ (19) 
pABB415 lacɋɞɕɡȸɡȜØǶȘBordetellaĨȆı
Ģɍȫȸɡ (24) 













pQE-30-bopN bopN Ƴ|ȜıĢɍȫȸɡpQE-30 ȅ¹
-Ǵǻɋɚȳɒȿ ÜĽň 




pABB-bcr4 bcr4Ƴ|ȂǹȆ SDƶ9Ȝ pABB415ȅ
¹-Ǵǻɋɚȳɒȿ ÜĽň 
pABB-CRS2-Δbcr4 pABB-CRS2 ȅ0Ƶƶ9ȜñÀǴǻ bcr4
Ƴ|ȂǍ»ǕfȜ¹-Ǵǻɋɚȳɒȿ ÜĽň 






























IM ring, inner membrane ringo,kn\p; OM ring, outer membrane ringo,kn\p
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C-ring, cytoplasmic ringvCpt]w; IM ring, inner membrane ringv(pt]w; OM 
ring, outer membrane ringv(pt]w
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5C<1!: YscC, YscD, YscJ; , export apparatus5C<1!:  YscR, 
YscS, YscT, YscU, YscV; %, !3C=D;C8Ecytoplasmic componentsF: 
YscQ (C-ring))-,*YscN, YscL, YscK (ATPase); , YscI (rod), YscF
(needle); ", =/Epore complexF: LcrV (needle tip complex), 
YopB/YopD (translocation pore)
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Rebecca S. Dewoody , Peter M. Merritt and Melanie M. Marketon. (2013). 
Regulation of the Yersinia type III secretion system: traffic control. Front. 
Cell. Infect. Microbiol. doi: 10.3389/fcimb.2013.00004 
Dewoody et al. Regulating Yop injection
will briefly review the building of the injectisome before dis-
cussing in more detail the regulation of translocation. We focus
on the roles of YopN and YopK, which have been shown to play
roles in governing substrate specificity during translocation. In
addition, YopK, YopE, and YopT have been shown to play a role
in T3SS regulation after they are injected into host cells, and those
activities will be discussed as well.
THE MAKING OF AN INJECTISOME
The “T3SS” or “injectisome” is homologous to the bacterial flag-
ellum and is composed of several components that must be
defined for the context of this review. YscC forms a ring in the
bacterial outer membrane (the OM ring), and YscD and YscJ
form a ring in the inner membrane (theMS ring). Together these
proteins create a scaffold anchored within the peptidoglycan, and
therefore, they will be referred to as scaffold proteins (Figure 1,
purple). The basal body is the portion of the injectisome that
spans the inner and outer membrane, including the scaffold
proteins (YscCDJ) as well as proteins embedded within or con-
nected to the scaffold: export apparatus (YscRSTUV Figure 1,
orange), ATPase complex (YscNKL Figure 1, blue), and C ring
(YscQ Figure 1, blue). The needle is the attached polymer of YscF
that extends from the basal body into the extracellular milieu
FIGURE 1 | Model of the injectisome. Shown is a cartoon depicting the
structural components of the Yersinia injectisome. Purple, scaffold proteins:
YscC, YscD, YscJ; Orange, export apparatus proteins: YscR, YscS, YscT,
YscU, YscV; Blue, cytoplasmic components: YscQ (C-ring) and YscN, YscL,
YscK (ATPase complex); Gr en, YscI (rod) and YscF (needle); Red, pore
complex: LcrV (needle tip complex) and YopB/YopD (translocation pore).
(Figure 1, green). Connecting the needle tip to the target host
cell is a hypothetical structure called the pore complex (Figure 1,
red), which is composed of LcrV at the needle tip and YopB/YopD
forming a pore in the host cell membrane. The injectisome is the
completed conduit comprised of the basal body, needle, and pore
complex that allows translocation of Yops into host cells. Though
a complete injectisome docked onto a host cell has never been
observed, Figure 1 shows a model for how these components may
be assembled.
THE BASAL BODY
The basal body formation begins with oligomerization of YscC,
which forms the OM ring that spans the outer membrane and
extends into the periplasm (Koster et al., 1997; Diepold et al.,
2010). This is in contrast with the basal body of the flagellum
which begins its assembly in the inner membrane and builds out-
ward (Erhardt et al., 2010). After the OM ring is formed, a ring
of YscD is assembled in the inner membrane and is thought to
connect the outer and inner membrane rings (Spreter et al., 2009;
Diepold et al., 2010; Ross and Plano, 2011). YscD then recruits
YscJ, which oligomerizes to complete theMS ring (Yip et al., 2005;
Hodgkinson et al., 2009; Diepold et al., 2010). With the assembly
of these structures, a basic channel through the bacterial envelope
is formed, which serves as a base for assembly of the remaining
injectisome components.
An ATPase complex composed of YscN, YscK, and YscL forms
on the cytosolic face of the basal body. YscN is the ATPase neces-
sary for the secretion of substrates by the T3SS. YscL is a negative
regulator of ATPase activity, while the function of YscK is as
yet unknown (Blaylock et al., 2006). It has, however, been sug-
gested that YscK may bridge the ATPase complex to the C ring.
YscQ is assumed to comprise the C ring in Yersinia injectisomes
based on homology to flagellar components (Driks and DeRosier,
1990; Khan et al., 1992; Kubori et al., 1997; Young et al., 2003;
Thomas et al., 2006), co-localization with YscC in the membrane
(Diepold et al., 2010) and association with the ATPase complex
(Jackson and Plano, 2000). The ATPase complex and C ring asso-
ciate with the scaffold proteins forming a nearly complete basal
body (Diepold et al., 2010).
In a separate pathway, the export apparatus, composed of inte-
gral membrane proteins YscRSTUV (Allaoui et al., 1994; Fields
et al., 1994; Minamino et al., 1994; Minamino andMacnab, 2000;
Creasey et al., 2003; Melen et al., 2003; Ghosh, 2004; Spreter et al.,
2009; Berger et al., 2010), assembles within the inner membrane
independently of the scaffold proteins (Diepold et al., 2011).
YscRST are necessary to promote the oligomerization of YscV. At
this point, the assembly pathways converge and the export appa-
ratus is recruited to YscJ in the MS ring of the scaffold (Diepold
et al., 2011). With the joining of the scaffold, ATPase complex and
export apparatus, the basal body is complete and is now capabable
of exporting secretion substrates.
THE NEEDLE AND THE “EARLY” STAGE
Upon completion of the basal body, proteins necessary for needle
assembly can be exported. We refer to this point as the “early”
stage, because only “early” substrates are translocated (Figure 2).
These include the first proteins to be secreted: YscIFPXO and































































































































































































































































































































































































































































































































of the PMF to couple the energy derived from the proton influx
with substrate protein secretion [21]. Additional described
functions of FliJ include chaperone-like activities by preventing
premature aggregation of both early and late secretion substrates
[22], as well as a function in substrate selectivity as a chaperone
escort protein that specifically recruits unladen substrate-specific
chaperones FlgN and FliT during assembly of the filament
junction and cap substructures [23]. FliJ is also implicated in
facilitating FliI hexamer ring formation, thereby stimulating the
ATPase activity [12,23].
Similar to the fT3SS, the vT3SS is an essential component of
the virulence-associated needle complexes encoded on Salmonella
Pathogenicity Islands 1 and 2 (Spi1 and Spi2) [5,24]. The ATPase
associated with the Spi1 vT3SS is encoded by invC [25]. InvC
functions in effector substrate recognition and induces chaperone
release and subsequent unfolding of the respective secretion
substrate in an ATP-dependent manner [17].
Type-III protein secretion is a process of great complexity and
the importance of ATP hydrolysis for the type-III secretion process
was unclear. In the present work, we demonstrate that type-III
protein secretion can efficiently occur in the absence of ATPase
activity in both flagellar and virulence-associated T3SS.
Results
We demonstrate that flagellar ATPase activity is not essential
for secretion by the isolation and characterization of spontaneous
suppressor mutants that assemble flagella in a DfliHI genetic
background. These motile revertants mapped to four locations on
the Salmonella chromosome. One of these linkage groups included
the flh flagellar region that likely included suppressors similar to
the flhA and flhBmutations described before [16,26] and were not
characterized further. Based on the chromosomal location of the
remaining three linkage groups, we identified candidates for genes
that could account for the motile suppression phenotypes. One
linkage group included the clpXP operon. Loss of ClpXP protease
stabilizes the flagellar master regulatory complex, FlhDC [27],
upregulating flagellar gene expression. It was previously shown
that transposon insertions in the clpP gene increased flagellar
secretion substrate levels sufficiently to overcome the requirement
for the cytoplasmic C-ring for T3SS-dependent substrate translo-
cation across the inner membrane [28]. The third group of motile
Author Summary
The type-III protein secretion apparatus is a complex
nanomachine responsible for secretion of building blocks
and substrate proteins of the flagellum and the virulence-
associated injectisome needle complex of many gram-
negative pathogens. Type-III secretion systems utilize the
energy of the proton motive force and ATP hydrolysis of a
cytoplasmic ATPase to drive substrate export. The cyto-
plasmic components of the secretion system share strong
homology to the FoF1 ATP synthase and it is thought that
the flagellum was derived from a proto FoF1-ATP synthase
where ATP hydrolysis energized the export process. Here,
we report the dispensability of ATPase activity for the
type-III protein export process in Salmonella. This finding
has important implications for the evolution of the
bacterial flagellum and type-III secretion systems, suggest-
ing that a proto ATPase was added to a primordial proton-
powered type-III export system with the evolutionary
benefit of facilitating the export process.
Figure 1. Schematic overview of the flagellar transcriptional hierarchy and biogenesis. The flagellar transcriptional hierarchy of
Salmonella enterica is composed of three classes of promoters. The Class I promoter transcribes a single operon encoding for the master regulator of
the flagellar transcriptional hierarchy, the FlhD4C2 complex, which is negatively regulated by ClpXP protease. FlhD4C2, together with s
70, directs RNA
polymerase to transcribe from Class II promoters. Genes transcribed from Class II promoters encode structural components of the hook-basal-body
complex (shaded in blue), the flagellar type-III secretion apparatus (composed of the membrane proteins FlhA, FlhB, FliO, FliP, FliQ and FliR; and the
soluble proteins FliH, FliI and FliJ), as well as regulatory proteins, in particular the flagellar-specific s-factor, s28 (encoded by fliA), and its cognate anti-
s factor, FlgM. The hook-basal-body is completed as soon as the hook reaches an approximate length of 55 nm, upon which the type-III secretion
apparatus switches secretion specificity to its late-substrate secretion mode (indicated by the orange star). Subsequently, the late substrate FlgM is
exported out of the cell, thereby freeing s28 to turn on transcription from Class III promoters. Class III gene products include the filament subunits,
motor-force generators and the chemotactic system (shaded in red).
doi:10.1371/journal.pgen.1004800.g001
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